The physiological and biomedical importance of H 2 S in cardiovascular system has been extensively studied, and H 2 S is involved the regulation of vascular tone, angiogenesis, cell growth and differentiation, inflammation, and energy generation, etc. In blood vessels, cystathionine gamma-lyase (CSE) seems to be the major H 2 S-producing gene expressed in both smooth muscle and endothelium. Abnormal metabolism and functions of the CSE/H 2 S pathway have been linked to various cardiovascular diseases, including atherosclerosis and hypertension. It is known now that H 2 S posttranslationally modification of proteins by S-sulfhydration contributes to the major bioactivities of H 2 S. Cardiovascular disorders and epigenetics are closely associated, and epigenetics has become a promising field in cardiovascular research. In this research highlight, I discuss the latest published findings on H 2 S signalling in epigenetic regulation of vascular cell functions via modification of DNA methylation and DNA damage repair.
Hydrogen sulfide (H 2 S) has been known for decades as one pungent colorless gas with distinctive rotten-egg odor, often regarded as an environmental pollutant and a toxin. Just recently, H 2 S is recognized as a novel gasotransmitter with various roles in the regulation of vascular tone, myocardial contractility, neurotransmission, insulin secretion, inflammation, cell growth and differentiation, mitochondrial energy generation, etc [1] [2] [3] [4] . H 2 S can be endogenously produced in a variety of cells and tissues by three enzymes, including cystathionine beta-synthase, cystathionine gamma-lyase (CSE), and 3-mercaptopyruvate sulfurtransferase [1] [2] [3] [4] [5] .
The physiological and biomedical importance of H 2 S in cardiovascular system has been extensively studied [2, 4] . In blood vessels, CSE seems to be the major H 2 S-producing enzyme expressed in both smooth muscle and endothelium [2] . Abnormal metabolism and functions of the CSE/H 2 S pathway have been linked to various cardiovascular diseases, including atherosclerosis, hypertension and heart failure [2, 4, 5] . It is well known that cardiovascular disorders and epigenetics are closely associated, and significant alterations of the epigenome have been found in numerous cardiovascular diseases [6] . Epigenetics has become a promising field in cardiovascular research. Epigenetic alterations are the changes of gene expression or cell phenotype without altering the DNA sequence itself, which are not linked with genetic change. Epigenetic mechanisms include DNA methylation, histone modification, transcription factor binding, miRNA regulation, DNA damage repair, etc (Figure 1) . In this research highlight, I discuss the latest published findings on H 2 S signalling in epigenetic regulation of vascular cell functions via modification of DNA methylation and DNA damage repair.
RESEARCH HIGHLIGHT
H 2 S acts as a biologically active mediator in the regulation of smooth muscle cell (SMC) mitochondrial energy production and phenotype change under pathological condition [1, 7, 8] . The normal replication of mitochondrial DNA (mtDNA) is critical for cellular energy metabolism and mitochondrial biogenesis, which maintains the balance between synthetic and contractile SMC phenotype. Our recent paper discovered that H 2 S improves mtDNA copy number and cellular bioenergetics via demethylation of TFAM (mitochondrial transcription factor A) [9] . DNA methylation is one of the most consistent epigenetic modifications that often inactivate the transcription of targeted genes. Aberrant DNA methylation usually occurs in CpG rich regions in the gene promoter by adding a methyl group (CH 3 ) to the carbon 5 position of the cytosine ring forming a covalent bond [10] . The DNA methylation is mostly established by the de novo DNA methyltransferase 3a (Dnmt3a) and Dnmt3b and maintained by Dnmt1 during replication [9, 10] . We first found that CSE deficiency significantly lowers but exogenously applied H 2 S induces mtDNA copy number and mitochondrial biogenesis in both SMCs and aorta tissues from mice. TFAM is a key transcriptional regulation factor that induces mitochondrial biogenesis [11] . Actually H 2 S is essential for the induction of TFAM transcription as well as TFAM-targeted mitochondrial encoded genes. Furthermore, we provided evidence showing that lack of CSE/H 2 S system enhances the expression of Dnmt3a but not Dnmt1 and Dnmt3b in SMCs. The higher expression of Dnmt3a due to lower H 2 S level caused global DNA hypermethylation and altered thousands of gene expression in mouse aorta tissues. As expected, by using methylation-special PCR (MSP) and bisulfite genomic sequencing, we validated that TFAM promoter methylation levels is significantly higher in CSE-deficiency SMCs. The mechanism data demonstrated that NaHS S-sulfhydrates IRF-1, stimulating the binding of IRF-1 with Dnmt3a promoter and strengthening the inhibitory activity of IRF-1 on Dnmt3a transcription (Figure 2) . It is known now that H 2 S posttranslationally modification of proteins by S-sulfhydration contributes to the major bioactivities of H 2 S Figure 1 . H2S S-sulfhydration of proteins and its epigenetic regulation. DNA methylation, histone posttranslational modification, DNA damage and repair, transcript factor regulation, and RNA change are major modes of epigenetics. H2S posttranslational modification of proteins by S-sulfhydration has been shown to contribute to the changes of DNA methylation, DNA damage and repair, and transcription factors. It is predicted that H2S S-sulfhydration may also modify histone and alter chromatin structures. Lys, Lysine; Arginine; Ser, Serine; Thr, Threonine; Cys, Cysteine; P, Phosphorylation; Me, Methylation; Ac, Acetylation; Ub, Uniquitination. [12, 13] . These findings will help advance our understanding of H 2 S biology and physiology and develop novel therapeutic avenue for treatment of cardiovascular disease linked to epigenetic regulation of mitochondrial mass and SMC functions.
We recently made another discovery that H 2 S attenuates DNA damage and protects endothelial cell (EC) from senescence. H 2 S acts as both endothelium-derived relaxing factor and endothelium-derived hyperpolarizing factor, and CSE deficiency leads to endothelial dysfunction and development of hypertension [1, 2, 14] . ECs are directly exposed to hemodynamic forces sustained with high shear stress, which readily cause EC DNA damage and cellular senescence. Our study first determined that H 2 S increases PARP-1 activity in ECs [15] . PARP-1 is a critical enzyme involved in DNA damage repair. We then observed incubation of the cells with H 2 S significantly reverses methyl methanesulfonate-induced DNA damage and cellular senescence, as evidenced by apurinic/apyrimidinic contents, comet tail assay and senescent beta-galactosidase staining. DPQ, a PARP-1 inhibitor deteriorated H 2 S-restored DNA damage, pointing to the involvement of PARP-1 in H 2 S-protected cellular senescence. H 2 S also markedly induced the complex formation of PARP-1/XRCC1/DNA ligase III, which is essential for DNA damage repair. We further provided data showing H 2 S S-sulfhydrates and activates MEK1 at cysteine 341, followed by phosphorylated ERK1/2 translocation into nucleus in stimulating PARP-1 activity through direct interaction (Figure 3) . The present discovery suggests that maintenance of sufficient level of H 2 S could effectively inhibit DNA damage and cellular aging, and CSE/H 2 S system would be a new therapeutic avenue for attenuation of various vascular disorders.
Despite being extensively studied in various cellular functions, very few studies have addressed the involvement of H 2 S epigenetic regulation machinery. Our studies reveal that H 2 S maintenance of SMC contractile phenotype and EC genetic stability via modification of DNA methylation and DNA damage repair would yield druggable targets for the prognosis, diagnosis and treatment of cardiovascular diseases. In addition, the posttranslational modification of histone protein and chromatin structure by H 2 S is highly possible and needs to be further explored. Future investigations are also crucial to get a better understanding of CSE-derived H2S S-sulfhydrates MEK1 at cysteine-341, further enhances ERK phosphorylation and PARP activity, recruit more DNA ligase III and XRCC1 to repair the damaged DNA, which ultimately attenuate EC senescence. H2S has no effect on MEK1 phosphorylation, so the increased ERK phosphorylation is actually attributed to MEK1 S-sulfhydration.
